geophysical methods for structural engineering purposes before further constructions are carried out in these areas.
Ground penetrating radar is a subsurface imaging method that provides high-resolution in formation to a depth of typically 0-10 m, although depths up to 40 m [3] [4] [5] are possible in some geological environments. This penetration depth is limited by the transmitted power. They use high voltage (up to 1000 V impulses) and low frequency (25-50 MHz antennae), which can reach up to 40 m depth in low conductivity ground conditions. Future GPR systems will deploy a new generation of UWB current-driven antenna, rather than voltage-driven antenna [6] . The GPR system comprises an antenna which emits electromagnetic energy, and receiver which receives the reflected energy from the surfaces as well as that from the inner subsurface. The reflected energy depends majorly upon the type and nature (frequency) of the antenna, and the nature of materials involved. The energy reflected is transformed into visual images, which provide extensive data on the sub-surface (inner) materials, when interpreted properly.
The applications GPR are very varied and include the location of buried services, the detection of voids or cavities, mapping bedrock depth or faults and fracture zones in rock. Other applications include locating steel reinforcing in concrete, geotechnical foundation investigations, archaeological, environmental and hydrogeological surveys [6] .
Geological setting
The study area is located within Lagos State, southwestern Nigeria. It lies between latitudes 715000 N and 716000 N and longitudes 538600 E and 540300 E of the universal traverse mercator (Fig. 1 ). It covers a geographical area of approximately 500 2 m The topography is generally flat with localized undulations due to sand heaps from canal dredging and sand filling activities in the area. The area belongs to Dahomey Basin which is also known as Dahomey Embayment or Benin Basin or as West Nigerian Basin. It extends from southeastern Ghana in the West, through Southern Togo and southern Benin Republic (formerly Dahomey) to southwest Nigeria (Fig. 2) . The axis of the basin and the thickest sediments occur slightly west of the border between Nigeria and Benin Republic. The basin is bounded on the west by faults and other tectonic structures. Its eastern limit is marked by the Benin Hinge line, a major fault structure marking the western limit of the Niger delta basin. To the west of the Benin Hinge line is the Okitipupa Ridge [7] . The Tertiary sediments of the Dahomey basin thin out and are partially cut off from the sediments of the Nigeria delta basin against this ridge of basement rocks [8] . The basin's offshore limit is not well defined.
Thus, the area investigated is situated in the southern part of Dahomey basin and consist series of stratified sedimentary sequence made up of silt clay, peat and sand. The site also forms part of a sub-littoral environment created by meandering rivers that have been reclaimed by sand filling and human activities.
Basically, the subsoil of the project area is made up of the so called flood plain sands, which are represented by sandy clay, peat with clay intercalation, clay and clayey sand. On relatively higher grounds, materials exposed have been leached into lateritic red earth with moderate strength. On the other hands, the low lying areas and old water courses give rise to predominantly stagnant water in which accumulation of decayed vegetation would have taken place in geological past resulting in peat and soft organic clay formation at surface and to some depth.
Methods
The research methodology adopted involve geophysical, geotechnical and laboratory investigations. GPR method was employed for the geophysical survey. The GPR survey was carried out along eight parallel traverses each 500 m long and trending in approximately E-W direction using an USA manufactured GSSI SIR System-300 equipment. The survey was done using a 200 MHz monostatic shielded antenna oriented parallel to the survey direction (parallel-broadside) in continuous collection mode. The antenna was preset with three gain points in order to improve the scans during data acquisition while 33 scans per meter were taken (representing 3 cm station spacing) with a sampling window of 400 ns with offset of +25 ns. A 16-fold stack was used for the traces during data recording to improve the signal to noise (S/N) ratio of the data. The GPR data positioning was calibrated using a survey wheel (odometer) and each radar trace contains 1024 points per trace. The SIR-system and antenna were pulled manually on land during data collection.
The data collected were processed using the GPR processing flow contained in the RADPROFwin software to produce 2D radargram of the subsurface formation delineated which was studied and interpreted for possible structural deformations such as microfaults, fractures, voids/cavity and weak zones and identification of subsurface lithologies. The basic processing steps used in this work include: Data editing, DC filtering, dewowing, time-zero-drift correction, automatic gain control, smoothing by 2-D median filring, and hilbert transformation. Advanced processing steps that were applied to the radar images include; predictive deconvolution, velocity spectrum analysis and attribute analysis [9] , Adepelumi and Fayemi [1] ; Adepelumi et al. [10] .
The geotechnical investigation involve obtaining soil samples from drilled boreholes at various locations within the study area for the determination of their engineering properties such as sieve analysis, natural moisture content, Atterberg limits, bulk density, specific gravity, organic content of soil etc. X-ray diffraction (XRD) analytical tool was also used for the determination of the clay mineralogical investigations of the collected soil samples.
Results and discussions
Ground penetrating radar is a method that is commonly used for civil engineeringgeotechnical, geological, environmental, archeological and other shallow investigations (1-40 m). For over 30 years, GPR has been used extensively for hydropedological investigations and civil engineering investigations [11] .
Permittivity to a great extent and conductivity and radar wave frequency to a lesser extent controlled the velocity of EM waves through the ground (or a material). For near surface materials, the phase velocity, Vph, and attenuation coefficient may be expressed as [12] ; Santamarina et al. [13, 14] .
where σ is the DC-electrical conductivity, к′ and к″ are the real and imaginary components of relative dielectric permittivity, εo = 8.85 × 10 −12 F/m is the dielectric permittivity of the free space, co = 2.999 × 10 8 m/s is the electromagnetic (EM) wave velocity of (1)
the free space, and ω is the angular frequency. The conductivity σ also affects the depth of penetration, which is commonly represented by the skin depth, S d .
The skin depth decreases as the angular frequency and the effective electrical conductivity increase. However, the real depth of penetration of the electromagnetic wave depends not only on the properties of the subsurface materials but also on the characteristics of the GPR system and the quality of the reflector [11, 15, 16] . The skin depth calculated from the GPR results should be considered as a lower bound on the real penetration depth. In peat material, GPR works relatively well because the low electrical conductivity allows large penetration depth and the changes in bulk density within the peat and with respect to the mineral sediment provide strong reflections for excellent geophysical imaging. Peat usually overlies layers with much lower resistivity and water content like clay, silt or weathered bed rock.
Estimated velocities electromagnetic waves of some of the materials encountered in the study area as gotten from literatures are shown in table below Table 1 .
In the case of this study, average velocity of the major materials (sand, peat and sandy clay) were used to determine the skin depth of the EM wave of which up to 14 m was probed as shown in Figs. 3 and 4 .
Thus, results of the derived GPR radargrams showing the various subsurface layers delineated and their interpretation with respect to the likely cause of structure settlement experienced in this area are discussed. Also, borehole logs and subsurface stratigraphic study of some drilled boreholes in the area and geotechnical investigations involving laboratory soil classification test, oedometer consolidation test of some recovered soil samples and their x-ray diffraction analysis results are also presented.
Interpretation of ground penetrating radar (GPR) records
Eight radar traverses were taken and processed across the study area. Four major stratigraphic layers were delineated from the processed GPR radargrams. These are interpreted as topsoil (that is made up of predominantly sand), underlain by peat with clay intercalation, then clay and sandy clay. The peat having a low amplitude extends across all the sections with thickness ranging between 3.8 and 6.0 m. Using an average velocity of 0.145 m/ (3) ns [18] , the depth to the peat was found to range from 0.5 to 6.0 m within the study area. In some places within the study area, the peat occurs right from the ground surface but where they do not, they are overlain by a planar, high reflection/amplitude pattern top layer of about 0.5 m in thickness (Fig. 3) . It is worthy of note that this top layer is not indicated in almost all the borehole log data used probably because of its small thickness and the high degree of peat infiltration into it. The top layer however has high amplitude, discontinuous, chaotic, alternating high and low reflection which stands out very conspicuous from the underlining layer (peat) which is hummocky with micro-scale diffraction. Though the peat layer from the GPR radargram correlates with what from the borehole log referred to as water saturated peat with clay intercalation (Figs. 3 and 4) , its thickness and/or depth extent differs greatly from that obtained from the borehole logs. The third layer which underlain the peat is a discontinuous, hummocky layer and the reflection amplitude alternate between both high and low but stand out from adjacent layers as well. This layer has a depth ranging from 5.8 to 7.2 m across the GPR profiles. Thus, this layer is interpreted as a clay formation with peat infusion. The last layer delineated from the GPR profiles is the massive, high amplitude, discontinuous micro-scale diffraction layer which has a higher thickness (>8 m) than the other layers as delineated from the GPR radargram. Based on both literature and borehole log description, this layer is interpreted as being made up of sandy clay or silty sand. It is deduced that, all of these sediments are recent along this flood plain, and probably have not undergone much geological processes (Figs. 5 and 6 ). Attempts were made to correlate two of the borehole logs with the radar profile by overlying the log on the GPR section. Thus, borehole 09 which falls within GPR profile Traverse one and borehole 07 that falls within GPR profile three were correlated to see if the layers delineated from the radar profiles matched up with that from the log description from the boreholes (Figs. 7 and 8) . The log description to 18 and 20 m depth for boreholes 07 and 09 respectively are:
Borehole 09
0.00-6.00 m-dark grey to black water saturated peat with clay intercalations. 6.00-11.50 m-grey soft clay. 8.00-18.00 m-light grey silty sand.
Borehole 07
0.00-6.00 m-brownish grey watery peat. 6.00-9.00 m-light grey clayey silty sand occasionally coarse. 9.00-20.00 m-light grey silty sand. Thus, similar lithologies were observed from the GPR radar profile of Traverse one and three respectively (Figs. 7 and 8 ) except that the thin sandy clay top soil which were delineated in the GPR profiles were not taken into account in the descriptive logs from the borehole data. A significant difference was observed to occur between the thicknesses of the layers delineated from the GPR profiles compared to from the borehole logs.
Geotechnical investigation of the study area
In order to understand the engineering properties of soil in the study area; some detailed sub-soil investigation involving drilling and geotechnical analysis which involve laboratory soil classification tests of some soil samples were carried out. Borehole log description, laboratory soil classification tests and oedometer consolidation test were attempted and are as shown in the sections below.
Sub-soil sequence
The detailed logs of the sub-soil sequence of four out of the 15 drill locations at the project site which also fall within the area probed using GPR are presented in Fig. 9 . Generally, the sub-soil sequence varies in depth and sometimes in lithologies at some of the locations investigated. Variation in thickness of strata and some lithological variation across the study area was observed. The top layer delineated by the GPR survey was not shown in any of these borehole logs probably due to the thin thickness of this top layer (about 0.5 m), it is classified as the same lithology with the peat during logging except at few boreholes far away from the GPR survey area where this top layer is was taken into account. Subsequent layers are made up of greyish clayey sand, clay and or light grey silty sand with clay. Figure 9 shows a 6.0 m peat layer as compared to the 4.0, 6.0 and 9.5 m peat layer observed in the boreholes 09, 10, 07 and 15 respectively. It was observed, that the canal structure foundation which is just 2 m depth is laid on the highly incompetent peat layer across the area.
Laboratory soil classifications
Also, results obtained from the geotechnical technique involving sieve analysis, Atterberg limits, natural moisture content, organic content, specific gravity, bulk density, and oedometer consolidation tests share many similarity with that of the GPR result. Lithologies identified from borehole logs are virtually the same with those delineated from the GPR sections. Though the GPR does not probe to the depth penetrated by the borehole (30 m), but it correlated fairly to the GPR depth extent of about 14 m.
The soil classification tests showed that the topsoil and peat layer are highly saturated with water. Bulk density increases with depth with the first 6 m depth having a bulk density between 1.03 and 1.27. Meanwhile, high liquid limit (LL) and plastic index (PI) are observed at between 4 and 6 m depth across the study area (Table 2 ). An indication also attesting to the fact that the soil has high degree of water saturation and the presence of clay respectively. Based on the unified soil classification (UCS), the subsurface materials of this study area are classified into organic clay with peat (OH-Pt), oganic clay (OH), sandy clay (SC) and silty sand (SM). The oedometer consolidation test shows that the peaty soil has high compressibility (M V ) and low consolidation (C V ) ( Table 3) . While coefficient compressibility decrease downward, the coefficient consolidation increases downward showing a poor foundation material at the shallow section (Raju et al. [17, 18] . It could therefore be inferred from this result that a better foundation material probably lies at depth.
X-Ray diffraction results
X-ray diffraction analyses carried out on some of the peaty soil samples of the study area showed the dominance of kaolinite, illite and quartz with a stain of vermiculite (in one of the samples) and are summarized in Table 4 below.
The XRD result of the study area indicates that the dominant minerals at BD_B and BD_D are kaolinite, illite, and quartz in that order, while at BD_A and BD_C, it is illite. kaolinite and quartz. Little quantity of vermiculite was observed in just one sample area (BD_D). It is pertinent to note that when clay soils are combined with sufficient water irrespective of the type of clay, they can become very effective lubricants and when a sufficient quantity of clay is intermixed with the coarser granular portion of soil, lubrication will develop whenever enough water is added. As the ability of soils to resist deformation depends very largely on the internal friction, wet clay has the effect of reducing or cancelling out the frictional resistance [20] . The three major clay minerals that are expedient in aiding civil engineers to predict the effect of clay to the soil engineering properties are namely kaolinite, illite and montmorillonite. Though montmorillonite has the worst effect on soil load bearing capacity but kaolinite and illite which are the major clay minerals observed in the study area also have serious effect on the soil load bearing capacity especially under the condition on which they occur that is having high water saturation. The presence of these clay mineralogy (kaolinite and illite) couple with the high water saturation suggest they probably contributed significantly to the subsidence/settlement observed in this area.
Conclusions
Distinct subsurface lithologies characterizing the investigated area at Badia was delineated using the GPR and geotechnical techniques. The GPR data were able to delineate four distinct substrata layers to about 14 m depth. These materials consisted sandy clay (topsoil) which in most places are from sand fills, peat with clay intercalation, clay with peat infusion and sandy clay. Other lithologies as shown by the borehole logs beyond the 14 m depth are sand and silty sand. Highly saturated clay materials couple with massive organic material (peat) which is known to be an incompetent foundation materials occurred from the ground surface to a depth far beyond the 2 m foundation depth of the canal structure. The peat thickness and depth vary across the study area. For instance, from the borehole logs, its thickness ranges from 4.5 to 18 m, while the area covered by the GPR survey reveal peat thickness between 4.0 and 10.0 m. The peat was found to exhibit high compressibility and low consolidation coefficient. The material also exhibit high degree of water saturation, liquid limit and plastic index; characteristics alluding to incompetent subsoil material. Using the UCS system, the subsurface materials of the study area are classified into OH-Pt, OH, SC and SM. XRD analysis identified kaolinite, illite and quartz as the major component minerals in the peat soil of which the presence of kaolinite and illite coupled with their high level water saturation might have contributed significantly to the observed subsidence/settlement.
